The adverse effects of cigarette smoke on mature blood vessels are well established, whereas little is known about the influence of smoke on blood vessel development. To determine if cigarette smoke alters angiogenesis, chick chorioallantoic membranes (CAMs) were exposed for 4 days to culture medium (control) or to mainstream (MS) or sidestream (SS) smoke solution, and then blood vessel patterns were compared in blind tests. In contrast to the normal tree-like branching of control blood vessels, smoketreated CAMs often had vessels that ran parallel to each other without much branching. A significant increase in the number of fibroblasts was observed in histological sections of treated CAMs, and this increase correlated with alterations in extracellular matrix components. Many more matrix fibrils were observed in treated CAMs than in controls using scanning electron microscopy. Immunohistochemistry showed that type III collagen was distributed in a tight band adjacent to the endoderm in controls but was distributed throughout the mesoderm in both treatment groups. Western blots confirmed that both type I and type III collagen were more abundant in treated CAMs than in controls. Fibronectin, which was localized immunohistochemically in the basal laminae and mesodermal matrix of controls, increased in abundance in CAMs treated with SS smoke solutions. Hyaluronic acid, which was present in a dense band subjacent to the capillary plexus of control CAMs, was greatly reduced in MS-treated CAMs and was absent in SS-treated CAMs. These observations demonstrate that both MS and SS cigarette smoke solutions caused abnormal pattern formation of CAM blood vessels and altered the composition of the extracellular matrix in the CAM mesoderm.
Angiogenesis is a vital process that occurs normally during embryonic development (Flamme et al., 1997; Wilting et al., 1995) , cyclically in some reproductive tissues of adult females (Augustin et al., 1995; Findlay, 1986; Goodger and Rogers, 1995; Redmer and Reynolds, 1996; Reynolds and Redmer, 1995) , during wound healing (Arbiser, 1996; Martins-Green and Hanafusa, 1997) , and in certain disease states such as inflammation, psoriasis, and diabetic retinopathy (Folkman and Shing, 1992) . In addition, tumors require angiogenesis to sustain growth (Gastl et al., 1997; Hanahan and Folkman, 1996; Uhr et al., 1997) . Because angiogenesis plays important roles in both normal and disease processes, the factors that affect and regulate it are of current interest (Hanahan, 1997; Hanahan and Folkman, 1996; Nicosia and Villaschi, 1999; Zachary, 1998) .
In adult females, angiogenesis normally occurs cyclically in the reproductive organs. The mammalian follicle wall collapses after ovulation to form a solid corpus luteum that undergoes rapid and extensive angiogenesis, thereby converting it into one of the most highly vascularized organs in mammals (Findlay, 1986) . Vascularization of the corpus luteum provides a means to distribute steroid hormones necessary for maintaining pregnancy and allows sufficient input of metabolites needed for corpus luteum functioning.
In an earlier study, the effects of both mainstream (MS) smoke (the smoke inhaled by active smokers) and sidestream (SS) smoke (the major component of environmental tobacco smoke) on female reproductive organs were examined using the hamster as a model system (Magers et al., 1995) . Inhalation of either MS or SS smoke by hamsters for 30 days at exposure levels equivalent to those received by human smokers causes a significant decrease in the area occupied by blood vessels within the corpora lutea (Magers et al., 1995) . This effect on vascularization in corpora lutea of smokers could influence steroid hormone production and distribution and may contribute to the increased incidence of spontaneous abortions observed in human smokers (Atrash et al., 1986; Saraiya et al., 1998; Stillman et al., 1986) . The reason vascular area decreased in the corpora lutea of smokers is not yet known but could be due to an effect of smoke components on angiogenesis, which occurs very rapidly and extensively in developing corpora lutea (Augustin et al., 1995; Findlay, 1986) .
The purpose of the current study was to test the hypothesis that components in MS and SS cigarette smoke can alter the process of angiogenesis. To investigate this hypothesis, angiogenesis was examined in chick chorioallantoic membranes (CAM) treated with MS and SS smoke solution. The CAM was used for these studies because this extraembryonic membrane is easily accessible for in vivo work, is highly vascularized, and The ectoderm and endoderm appeared similar in all groups; however, the mesoderm is usually denser in the smoke-treated CAMs. In the SS-treated CAM, a space appeared beneath the ectoderm.
is a well-established model for studying angiogenesis (Ribatti et al., 1996) . Solutions of MS or SS smoke or control medium were placed on CAMs during the time of active angiogenesis, and 4 days later the effects of each treatment on the blood vessels and extracellular matrix of the CAM were evaluated. Both MS and SS cigarette smoke solutions caused abnormal pattern formation of CAM blood vessels and altered the composition of the extracellular matrix in the CAM mesoderm.
MATERIALS AND METHODS

Media and reagents.
Earle's Balanced Salt Solution (EBSS) was made from reagent grade chemicals as described in detail previously . Whole MS and SS smoke solutions were made fresh in EBSS using 2R1 research-grade cigarettes (University of Kentucky, Louisville, KY), and the pH of each solution was adjusted to 7.4 before adding it to the CAMs. MS smoke solutions were made by drawing puffs of smoke through EBSS using a puffer box built by the University of Kentucky. These puffs are equivalent to those inhaled by an active smoker. SS smoke solutions were made in a similar manner except the smoke from the burning end of a cigarette was used. The procedure for making the smoke solutions has been described in detail previously . The absorbency of each smoke solution was measured at 300 nm. To always use equivalent doses of smoke solution in different experiments, the absorbence of each smoke solution was adjusted to 1.15 (MS) or 1.2 (SS) before use. All smoke solutions and media applied to CAMs were passed through a 0.22-m Acrodisk filter (Fisher Scientific, Tustin, CA) and handled using sterile technique. Smoke solutions were made at physiological pH and probably contain most of the compounds that enter the blood of a human smoker. Only the lungs in a smoker are actually exposed to pure smoke. Other organs receive smoke components dissolved in the blood, hence the use of smoke solutions is thought to more closely resemble the condition in human smokers.
Glutaraldehyde, osmium tetroxide, and Spurr's plastic kits were purchased from Electron Microscopy Supplies (Fort Washington, PA). Primary monoclonal antibodies to chicken type III collagen, laminin, and fibronectin were obtained from the Developmental Studies Hybridoma Bank (University of Iowa). Primary polyclonal antibodies to chicken type I and type III collagen were produced by Chemicon (Temecula, CA) and were obtained as a generous gift from Dr. Roberto Perris. Biotinylated hyaluronic acid binding protein (HABP) was purchased from Seikagaku Corporation (Tokyo, Japan). FITCconjugated secondary antibodies to mouse and rabbit IgG were obtained from Organon Teknika (West Chester, PA), while Alexa 488-conjugated goat antimouse IgG was obtained from Molecular Probes (Eugene, OR). The Texas Red Streptavidin conjugate was from Vector Laboratories (Burlingame, CA). Nicotine and cotinine were purchased from Aldrich (Milwaukee, WI) and Sigma (St. Louis, MO), respectively. Standards and reagents used for Western blotting were from BioRad (Hercules, CA). Enhanced chemiluminescence was performed using the Amersham kit (Arlington Heights, IL). CAM assay. Angiogenesis was evaluated using the CAM assay described in detail previously (Martins-Green and Feugate, 1998) . Fertilized chicken eggs were obtained from Hi-Vac International (Lakeview, CA) and incubated at 37°C at 85-90% relative humidity throughout the experiment. Albumin was removed on the 4th day after fertilization to drop the embryo away from the shell and to allow the CAM to develop in a way that was accessible to treatment. A window was opened in each egg to allow subsequent access to the CAM and then was sealed with transparent tape. On day 7, 500 l of MS smoke solution, SS smoke solution, or EBSS was placed on the surface of each CAM. One group of control CAMs received no solution. On day 11, CAMs were prepared for routine light microscopy and scanning electron microscopy (SEM) or for immunolabeling and Western blotting as described below. In some experiments, 500 l of 10 Ϫ4 , 10 Ϫ5 , 10 Ϫ6 , or 10 Ϫ7 M cotinine or nicotine were placed on day 7 CAMs instead of smoke solutions, and blood vessel pattern and Western blots were subsequently evaluated on day 11. This concentration range brackets the concentration of nicotine present in the smoke solutions (Knoll et al., 1993) .
Routine light and electron microscopy. CAMs were fixed in place for 2 h by depositing 3% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) both on top and underneath the CAM, and then processed for light or SEM as described previously (Magers et al., 1995) . Briefly, CAMs were cut out of the eggs, washed in cacodylate buffer, and postfixed in 1% osmium tetroxide for 30 -60 min. Samples were washed in deionized water, dehydrated in an ethanol series, and infiltrated and embedded in Spurr's plastic. Thick sections (1-2 m) were cut using glass knives on a Sorval MT2 ultramicrotome and stained with methylene or toluidine blue.
For SEM, the CAMs were fixed as described above and washed in nanopure water three times, 3-5 min each, followed by dehydration in an ascending ethanol series from 30 to 100%. To ensure complete removal of water from the tissue, five changes of 100% ethanol were performed. CAMs were dried from CO 2 in a Samdri PVT-3 critical point drier, mounted on aluminum pedestals, a Disorganized, blood vessels grow in many random directions rather than branching normally. Bends, blood vessels make sharp abrupt bends. Long and parallel, blood vessels run parallel to each other without branching. Random orientation, the tertiary vessels grow in random and multiple directions. Degree, overall difference between the unknown and projected control.
FIG. 2.
MS and SS smoke solutions increase the number of fibroblasts in the mesoderm of CAMs. The number of fibroblasts per 935 m 2 in CAM mesoderm is plotted for control and treated groups. The number of fibroblasts is significantly greater in both the MS ( p Ͻ 0.0001) and SS ( p Ͻ 0.0001) treatment groups than in the corresponding control. The MS and SS experiments were done with different batches of CAMs, thus each treatment group has its own control. The controls vary somewhat among batches of CAMs. n ϭ 7 for each group. Data are plotted as the mean Ϯ the standard deviation for each treatment group. coated with gold/palladium in an Emscope coater (SC500), and examined in a Phillips XL-30 FEG SEM. Digital images were captured on the microscope and then processed and analyzed using PhotoImpact (Ulead Systems, Torrance, CA) or Adobe Photoshop (San Jose, CA).
Immunohistochemistry. CAM fixation was performed in 4% paraformaldehyde as described above, and the tissue was then labeled with antibodies specific for various extracellular matrix molecules as described previously (Martins-Green and Tokuyasu, 1988) . After fixation, CAMs were cut in small pieces, 2-3-mm long and 0.5-mm wide, and incubated with one of the various primary antibodies overnight at 4°C. After extensive washes, specimens were incubated with the appropriate secondary antibodies (see Media and Reagents). To prepare the CAM pieces for light microscopy, samples were fixed again in 3% glutaraldehyde in cacodylate buffer and then processed as described above for routine light microscopy except osmium tetroxide fixation was omitted and dehydration was performed with an ascending acetone series. One-to twomicrometer thick sections were examined using a Nikon Microphot FXA microscope and epifluorescence, and images were recorded on Kodak Elite II color slide film.
Quantitation of CAM assay results. Control and experimental CAMs were fixed, dissected from eggs, and color 35-mm slides were made of each. Evaluation of the slides was done blind by projecting a control and unknown slide side by side on a screen. The same control remained projected throughout the analysis. The observer first rated the unknown as a control or treated CAM depending on whether it appeared similar overall to the projected control. Then each unknown slide was evaluated for the following characteristics: disorganization (blood vessels grow in many random directions whereas in controls they are similar to branches on a tree), bends (blood vessels make sharp abrupt turns), long and parallel (blood vessels, usually secondary, are unusually long and run parallel to each other), random orientation (the tertiary vessels grow in random and multiple directions), and overall degree (the overall difference between the unknown and the projected control). For each of the above categories, the observer rated each projected slide on a scale of ϩ to ϩϩϩ. For ϩ, the unknown was different from the projected control but the difference was sufficiently subtle that the unknown could be a control. A ϩϩ was given when the unknown was noticeably different from the projected control, and, finally, ϩϩϩ was used when the unknown was extremely different from the projected control.
The number of fibroblasts in the mesoderm of control and treated CAMs was determined in methylene blue-stained thick sections examined at 400ϫ on a Zeiss compound microscope. Fibroblasts in the CAMs have elongated processes, have a small nucleus:cytoplasmic ratio, and are the major cell type of the mesoderm. They are readily distinguishable from white blood cells, which are spherical, have a large nucleus:cytoplasmic ratio, and stain more intensely with methylene blue. An ocular micrometer with a square grid pattern was used to score the number of fibroblasts in a 12.5 ϫ 75-m 2 area in the mesoderm. For each CAM, three 12.5 ϫ 75-m 2 grids were counted, and their means were used to determine the overall mean of data collected from seven CAMs in each group (control for MS, MS treated, control for SS, and SS treated). The means of each treatment group were compared to their corresponding control using Student's t test.
Western blots. CAMs from control or treated groups were solubilized using a dounce homogenizer at 4°C in lysis buffer containing 50 mM HCl, pH 7.5, 0.15 mM NaCl, 0.5% deoxycholate, 0.1% SDS, 5 mM EDTA, and the following premixed proteinase inhibitor cocktail: 4-(2-aminoethyl)-benzenesulfonyl fluoride, pepstatin A, transepoxysuccinyl-L-leucylamido(4-guanidino)butane(E-64), bestatin, leupeptin, and aprotinin (Sigma). Samples were centrifuged at 4°C for 30 min at 12,000 rpm. The supernatant was stored at Ϫ70°C until used. Prior to electrophoresis, protein concentrations in each sample were determined using the BioRad DC protein assay kit. Samples were diluted 1:1 with electrophoresis sample buffer, 10 g of total protein were loaded per lane, and samples were run on SDS-PAGE using the protocol of Doucet et al. (1990) . Proteins were transferred to nitrocellulose for 60 min at 75 or 100 V, and the nitocellulose was subsequently incubated with antibodies to fibronectin, collagen I, or collagen III followed by the appropriate secondary probe. Signals were detected using the Amersham ECL kit. Equal amounts of total protein from control and treated CAMs had been loaded in each lane, and correct loading was verified by examining the intensity of two bands that nonspecifically bound streptavidin but did not change in amount as a result of smoke treatment. Only blots having lanes that were confirmed to be equally loaded were further evaluated. Films with equally loaded lanes were digitized using a video camera, and the intensity of each band was determined using NIH Image software (Scion Inc) running on a Gateway computer. At least three different blots were analyzed in each group (control, MS or SS smoke solution, cotinine, and nicotine) for each antibody tested.
FIG. 4.
Immunofluorescent localization of type III collagen in control (A), MS-treated (C), and SS-treated (E) CAMs. In control CAMs, type III collagen is concentrated in a fluorescent band adjacent to the endoderm. Treated CAMs have greater labeling, which is more widely distributed in the mesoderm. B, D, and F were labeled with the secondary antibody only and show background fluorescence for control, MS-treated, and SS-treated CAMs, respectively.
RESULTS
MS and SS Smoke Solutions Alter Normal Development of the Blood Vessels in CAMs
To determine if cigarette smoke components affect blood vessel development, CAMs were exposed to EBSS or smoke solutions at an early stage of blood vessel development (day 7) and then evaluated on day 11 ( Fig. 1; Table 1 ). In control CAMs exposed to either EBSS or nothing, blood vessels were distributed in a branching tree-like pattern in which primary blood vessels gave off secondary vessels, which in turn produced tertiary vessels (Fig. 1A) . Treatment of CAMs with either MS or SS smoke solution caused marked disturbances in the normal pattern of blood vessel branching and morphology ( Figs. 1B and 1C ; Table 1 ). In blind evaluations, most control slides were correctly identified as controls, and those that were not were only subtly different than the majority of the controls. For MS and SS treatment groups, 95 and 100%, respectively, of the CAMs were correctly identified as treated, not controls. Moreover, for the specific characteristics of pattern that were evaluated, the treated CAMs consistently received ratings of ϩϩ or ϩϩϩ, indicating that major effects on pattern had occurred in treated CAMs (Table 1 ). The two most characteristic effects were increased disorganization of the pattern following treatment (blood vessels failed to branch normally; compare Figs. 1A-1C; "disorganized" in Table 1 ) and an increased incidence of secondary vessels that run parallel to each other without branching (Figs. 1B and 1C ; "long and parallel" in Table 1 ). In addition, smoke-treated CAMs showed an increased incidence of "random orientation" (the tertiary vessels grow in random and multiple directions) and overall degree of difference from control ("degree" in Table 1 ). In SS-treated CAMs, blood vessels frequently made sharp angled turns ("bends" in Table 1 ).
Structural Alterations Produced in CAMs by Smoke Treatment
In histological sections stained with methylene blue (Figs.  1D-1F) , the ectoderm and endoderm of control and treated CAMs were similar. In contrast, the mesoderm of treated CAMs was thicker, contained significantly more fibroblasts (Fig. 2) , and appeared to have more extracellular matrix than the mesoderm of controls (Figs. 1D-1F) . In SS-treated CAMs, a space was often present beneath the ectoderm, which appeared to increase the thickness of the mesoderm (Fig. 1F) . This space usually showed little staining and may represent an artifactual splitting of the mesoderm due to changes produced in this region by SS smoke solution.
Scanning electron microscopy was performed on cut edges of control and treated CAMs. As in the histological sections, the ectoderm and endoderm appeared similar in all samples (not shown). In most micrographs, the fibrillar elements of the mesoderm were far more abundant in treated CAMs than in controls, and the mesodermal fibrils of treated CAMs often appeared disorganized (Figs. 3A-3C ). Sometimes in SS-treated CAMs, a space was observed beneath the ectoderm that presumably corresponded to the artifactual space observed in histological sections; this space contained relatively few mesodermal fibers (not shown).
Characterization of Changes Produced in the Extracellular Matrix of CAMs by Smoke Treatment
Because histological sections and scanning electron microscopy suggested that smoke treatment alters angiogenesis through an effect on the extracellular matrix of the mesoderm, the distribution of four extracellular matrix proteins and of hyaluronic acid was examined in control and treated CAMs. Type III collagen, a major form of collagen in embryonic tissue, was present adjacent to the endoderm in controls, where it formed a continuous band of fibrils (Fig. 4A) . In contrast, in CAMs treated with MS smoke solution, this matrix molecule appeared to be more abundant and was distributed throughout the mesoderm in a disorganized manner (Fig. 4C) . Although type III collagen of MS-treated CAMs was present adjacent to the endoderm, it was not usually organized in a band typical of the controls. In CAMs treated with SS smoke solution, the distribution of type III collagen was similar to that of the controls, but the band of fibrillar material adjacent to the endoderm was thicker and some staining was observed throughout the mesoderm (Fig. 4E) . Figures 4B, 4D , and 4F show that, for each treatment, the secondary antibody alone produced no fluorescence.
To compare the amount of collagen in treated and untreated CAMs, Western blot analysis was performed using antibodies to type I and type III collagen (Fig. 5) . The type I collagen antibody reacted strongly with purified chick type I collagen (128 kDa) and showed some cross-reaction with collagen III. When probed with the type I collagen antibody, smoke-treated CAMs contained more type I and type III collagen than the control CAMs (Fig. 5A) . The antibody to collagen III reacts weakly with collagen I (not shown) and strongly with the collagen III band at 140 kDa and also showed that both MSand SS-treated CAMs had more type III collagen than control CAMs (Fig. 5B) . Densitrometric scans of three collagen I and four collagen III blots all showed that both types of collagen were at least two to three times higher in treated CAMs than in control CAMs.
Fibronectin was present in controls primarily associated with the basal laminae of blood vessels and the endoderm and the ectoderm (Fig. 6A) . Some diffuse fluorescence was also present in the mesoderm of controls. The distribution of fibronectin in CAMs treated with MS smoke solution was very similar to that of the control (Fig. 6B) . In contrast, CAMs treated with SS smoke solution showed abundant presence of fibronectin, not only in the basal laminae but also distributed throughout the mesoderm (Fig. 6C) . In Western blots of control and treated CAMs, fibronectin was more abundant in SS-treated CAMs than in the control or MS-treated groups (Fig. 7) . Densitometric scans of six fibronectin blots showed that the amount of fibronectin in SS-treated CAMs was at least seven times greater than in control CAMs (mean SS/control density ϭ 7.9 Ϯ 2.7), while MS-treated CAMs had densities similar to controls (mean MS/control density ϭ 1.2 Ϯ 0.6).
In control CAMs, laminin was present in basal laminae on the basal side of the ectoderm and endoderm and around blood vessels of the capillary plexus and mesoderm (Fig. 8A) . The distribution of laminin was similar to controls in both MS-and SS-treated CAMs (Figs. 8A-8C) .
The distribution of hyaluronic acid was examined by probing tissue sections with HABP (Fig. 9) . Hyaluronic acid was found concentrated in a band in the mesoderm of control CAMs (Fig. 9A) . This band was usually positioned closer to the ectoderm than to the endoderm. In MS-treated CAMs, hyaluronic acid was still present in a band beneath the ectoderm, but staining was much less intense and in some regions the band showed discontinuous staining (Fig. 9B) . The hyaluronic acid-containing band was not observed at all after SS treatment (Fig. 9C) . Figure 9D shows staining produced by streptavidin-Texas red only.
Nicotine is a biologically active molecule present in smoke solutions, while cotinine, a metabolite of nicotine, is not present in smoke solutions but would be present in the body of smokers. To determine if nicotine or cotinine had affected blood vessel pattern formation or the composition of the extracellular matrix in the previous experiments, CAM experiments were done using 10 Ϫ4 to 10 Ϫ8 M nicotine or cotinine instead of smoke solution. Neither component had any effect at any of the tested concentrations on blood vessel pattern formation (not shown). Western blots of nicotine-and cotininetreated CAMs likewise showed no effect at any tested concentration compared to control CAMs (Figs. 10A-10C ). For 10 Ϫ4 M nicotine and cotinine exposures, densitometry was performed on four collagen I blots, three collagen III blots, and three fibronectin blots. In no case was the ratio of the treated CAM density to control density greater than 1.0, indicating that neither nicotine nor cotinine had increased the abundance of these proteins in treated CAMs.
DISCUSSION
A one-time application of either MS or SS smoke solution to the surface of CAMs altered angiogenesis by producing abnormal branching of blood vessels. In addition, some treated CAMs had fewer and thinner blood vessels than controls. The most consistent finding was that vessels in treated CAMs often ran parallel to each other for long distances without branching, a result never observed in controls (Table 1) . Abnormal branching morphogenesis was accompanied by an increase in the number of mesodermal fibroblasts and alterations in the extracellular matrix (ECM) of the mesoderm. Both type I and type III collagen were more abundant in treated CAMs than in controls, and type III collagen was more extensively distributed in the mesoderm of treated CAMs. Fibronectin was more abundant in SS-treated CAMs than in other groups, and hyaluronic acid was diminished or absent beneath the ectoderm of treated CAMs. These data are consistent with the idea that alterations in the properties of the ECM in smoke-treated CAMs adversely influenced development of blood vessels and produced abnormal branching but do not eliminate the possibility that the observed effects are related not causal.
The CAM has not been used previously to investigate the effects of smoke components on angiogenesis. In one previous study, cigarette smoke condensates were placed on day 10 CAMs and found to produce hemorrhage, necrosis, and hyperplasia (Comber and Grasso, 1975) . Comber and Grasso (1975) did not examine the effects of smoke solutions on angiogenesis and in fact their studies were done after angiogenesis was complete. In the current study, hemorrhage, necrosis, and hyperplasia were not observed, probably because lower doses of cigarette smoke components and an aqueous extract rather than a condensate were used.
The extracellular matrix plays important roles in regulating many developmental processes, including angiogenesis and branching morphogenesis (Hisaoka et al., 1993; Matsui et al., 1996) . In the CAM, the extracellular matrix undergoes compositional changes (Ausprunk, 1986; Ausprunk et al., 1991; that are known to be important in influencing blood vessel development (Ingber, 1991 (Ingber, , 1992 , although the exact effects of individual matrix components are not yet fully understood. Smoke treatment produced abnormal pattern formation of the blood vessels in CAMs. The most consistent abnormal morphological feature of treated CAMs was the absence of proper branching, which coincided with increases in the interstitial collagens (type I and III) and decreases in hyaluronic acid in the extracellular matrix. In the CAM, interstitial collagen synthesis accompanies angiogenesis, and collagen is thought to provide a substrate for endothelial cell migration (Ingber and Folkman, 1988; Maragoudakis et al., 1995; . Agents that inhibit collagen synthesis or processing are antiangiogenic, indicating that collagen metabolism is an important control point in angiogenesis (Ingber and Folkman, 1988) . The data in the present study show that both MS and SS smoke solutions altered collagen metabolism such that large increases in both type I and III collagen were seen in treated CAMs. The overproduction of type I and III collagen in smoke-treated CAMs may have inhibited branching of new vessels while at the same time providing a substrate that allowed formation of long attenuated vessels. Together these effects could account for the appearance of elongated blood vessels that ran parallel to each other in treated CAMs. The current observations, when combined with previous studies (Ingber and Folkman, 1988; Maragoudakis et al., 1995; , support the ideas that collagen metabolism is important in controlling angiogenesis and that either excessive or insufficient amounts of collagen or improper processing of collagen alters normal blood vessel development.
Several factors could have increased collagen synthesis in smoke-treated CAMs. A variety of reports have shown that oligosaccharides produced by degradation of hyaluronic acid can stimulate collagen synthesis during normal angiogenesis (Maragoudakis et al., 1995; . Cigarette smoke contains reactive oxygen species, including O 2 Ϫ , H 2 O 2 , and OH Ϫ (Church and Pryor, 1985; Nakayama et al., 1989) , which degrade hyaluronic acid (Hawkins and Davies, 1996) . Micrographs in the current study clearly show that the band of hyaluronic acid located beneath the capillary plexus of day 11 CAMs is reduced or absent following treatment with cigarette smoke solutions. If hyaluronic acid oligosaccharides became excessively elevated during smoke treatment, which would be consistent with the microscopic data presented here, the collagen synthesis induced by these oligosaccharides could likewise have been excessive and led to the overproduction of type I and III collagen. In addition, a highly significant increase in the number of fibroblasts was observed in treated CAMs. It has been previously shown that application of low levels of transforming growth factor ␤1 promoted proliferation of mesodermal fibroblasts in CAMs, and these fibroblasts produced elevated levels of fibrillar material that stained with Masson-Trichrome (Yang and Moses, 1990) . Transforming growth factor ␤1 can also inhibit matrix metalloproteinases that degrade extracellular collagen (Bonewald et al., 1999; Lawrence, 1996; Noble et al., 1992) . In the current study, it is possible that elevation of transforming growth factor in smoke-treated CAMs stimulated proliferation of fibroblasts, which synthesized excess collagen and/or caused elevation of transforming growth factor, which inhibited destruction of collagen by blocking the activity of metalloproteinases.
The chemical(s) in smoke that affect angiogenesis are not yet known. Cigarette smoke is a complex colloid containing over 4000 components (EPA, 1992) . Nicotine, a major component of cigarette smoke, stimulated proliferation of vascular endothelial cells in vitro (Villablanca, 1998) . Application of 10 Ϫ4 to 10 Ϫ8 M nicotine to CAMs produced no significant effect on blood vessel patterns or on type I and type III collagen levels analyzed by Western blots. Therefore, it is unlikely that nicotine accounted for the effects observed with MS and SS smoke. In contrast to nicotine, cadmium, another smoke component, inhibited both migration and proliferation of cultured human umbilical vein endothelial cells (Kishimoto et al., 1996) . The findings of Kishimoto et al. (1996) with cadmium are more similar to smoke solution-induced pattern disturbances that were often characterized by a lack of endothelial outgrowth and branch formation. Because smoke solution treatment produced multiple effects in CAMs (e.g., abnormal branching, elevated collagen, loss of hyaluronic acid), it is probably that more than one compound in the smoke solutions affected CAM development.
Although MS and SS smoke solutions had similar overall effects on CAMs, several noteworthy differences were observed between treatment groups. The amount of fibronectin in the mesoderm was not altered by MS treatment but was significantly increased following SS treatment (immunofluorescent and Western blot data). Fibronectin has various influences on angiogenesis. It has been reported to provide a matrix along which capillaries migrate (Risau and Lemmon, 1988; Sariola et al., 1984) . In vitro, fibronectin promotes elongation of sprouting microvessels (Nicosia et al., 1993) , endothelial cell assembly, and formation of multicellular capillaries (Adams and Watt, 1993) . While sharp bends were observed in the blood vessels of both MS-and SS-treated CAMS, they were more commonly seen after SS treatment. Sharp bends was the only morphological parameter that was clearly different in the two smoke treatment groups. It is possible that the increase in bends observed in CAM blood vessels was related to the increased synthesis of fibronectin, as these two alterations occurred only in SS-treated groups. It is also possible that sharp bending and increased fibronectin were related to parameters not detectable by our methods of analysis. MS and SS smoke are similar in composition; however, some components such as vinylpyridine, N-nitrosodimethylamine, analine, 4-aminobiphenyl, and nickel are at least 20 times more abundant in SS smoke (EPA, 1992 by SS smoke is probably due to a component(s) that is present in a higher concentration in the SS smoke solutions. It is also possible that a component(s) in MS solutions inhibits the factor present in both MS and SS solutions that increases fibronectin synthesis.
In addition to differences in the amount of fibronectin found in MS-and SS-treated CAMs, SS treatment produced CAMs that were more fragile when handled than MS treatment and had an artifactual space subjacent to the capillary plexus in histological sections. This region is normally occupied by hyaluronic acid, which the immunofluorescent data show to be absent in SS-treated CAMs. It is probable that the lack of hyaluronic acid weakens this zone in the mesoderm and causes (B) , and SS-treated (C) CAMs. Fibronectin was present in the basal laminae of the blood vessels and the capillary plexus and in the mesoderm of controls and both MS-treated and SS-treated CAMs. Fibronectin appeared to be more abundant in the mesoderm of the SS-treated group than in the other two groups.
FIG. 8. MS and SS smoke solutions did not affect laminin distribution in CAMs. In control CAMs (A), laminin was distributed in basal lamina adjacent to the ectoderm and endoderm and in basal lamina around blood vessels of the mesoderm and capillary plexus. In MS- (B) and SS-(C) treated CAMs, the distribution and intensity of laminin staining appeared similar to control CAMs. the increased fragility and artifactual space consistently observed in CAMs following exposure to SS smoke solution.
The above observations suggest that SS smoke solution, which contains the main components of environmental tobacco smoke, is more toxic to CAMs than MS smoke solution. It was observed in previous studies on the female reproductive tract that SS smoke may be more toxic in some assays than MS smoke ). However, this should not be interpreted to mean that passive smoking is more dangerous than active smoking. Active human smokers are exposed to a combination of MS and SS smoke and may experience a more dramatic effect than these data from MS or SS smoke alone indicate.
In an earlier in vivo study, inhalation of either MS or SS smoke by hamsters for 30 days at exposure levels equivalent to those received by human smokers altered the vascular pattern within the corpora lutea of the ovary (Magers et al., 1995) . The current study supports the earlier conclusion that smoke exposure can affect the formation of blood vessels in tissues actively undergoing angiogenesis and demonstrates that the CAM is a useful model for studying the effects of smoke constituents on angiogenesis.
In summary, this study shows that angiogenesis is abnormal in CAMs treated with MS and SS smoke solutions, SS smoke solutions may be more toxic than MS solutions, and the effects of smoke on angiogenesis are accompanied by an increase in the amount of collagen and a decrease in the amount of hyaluronic acid in the mesoderm. Future work will focus on determining which factors in smoke alter angiogenesis, how these factors influence blood vessel branching and matrix deposition in CAMs and cultured cells, and whether smoking influences processes involving angiogenesis such as wound healing, corpus luteum formation, or vascularization in embryos.
